Introduction {#S1}
============

The double-stranded RNA-dependent protein kinase (PKR) is best known for triggering cell defense responses by activating cellular apoptosis during virus infection ([@R1]). Foreign double-stranded RNA (dsRNA), a by-product of viral RNA polymerases during virus replication, binds PKR, facilitates the homo-dimerization, auto-phosphorylation at Thr451 and Thr446, and thereby the activation of PKR ([@R2], [@R3]). The activated PKR, known as a eukaryotic initiation factor 2-alpha (eIF-2α) kinase, induces phosphorylation of eIF-2α) at Ser51 ([@R3]), which inhibits the initiation of RNA translation by the tRNA 40S ribosomal subunit. This function of PKR results in inhibition of general protein synthesis and induction of cellular apoptosis in many types of eukaryotic cells ([@R3], [@R4]). However, evidence is emerging, albeit controversial at this point, to suggest that PKR also has an anti-apoptotic role in mouse embryo fibroblasts and certain tumor cells ([@R5]-[@R9]).

As a Ser/Thr protein kinase, PKR is also known for its role in mediating signaling pathways ([@R10]) by interacting with proteins such as NF-κB, MAPKs, and PP2A ([@R11]-[@R14]). It is well established that PKR phosphorylates and thereby releases I-κB from NF-κB, and in so doing PKR activates NF-κB and promotes the translocation of NF-κB into the nucleus ([@R11], [@R12]). Upon activation of NF-κB by PKR, the transcription of a number of apoptosis-regulating genes, such as, FasL ([@R15]), p53 ([@R16]), and cIAPs ([@R5]) have been shown to be up-regulated. PKR has been reported also to play a crucial role in the phosphorylation of the 3 mitogen-activated protein kinases (MAPK) (JNK, ERK, and p38) upon ribotoxic stress ([@R13]). However, the mechanism by which PKR interacts with the major MAPKs, and whether its role is apoptotic or anti-apoptotic, is unclear. PKR also can phosphorylate the PP2A regulatory subunit B56α and thereby activate the catalytic subunit of PP2A, potentially leading to dephosphorylation of eIF-4E and arrest of translation ([@R14]).

In addition to dsRNA, PKR has been shown to be responsive to many other factors, e.g., endoplasmic reticulum (ER) stress ([@R17], [@R18]), cytokines such as tumor necrosis factor (TNF)-α ([@R19]) and interleukin (IL)-1 ([@R20]), deoxynivalenol (DON, or vomitoxin) ([@R13]) and lipopolysaccharide ([@R20]). In the present study, we show for the first time palmitate down-regulates the activity of PKR in HepG2 cells.

Saturated FFAs (e.g. palmitate) have been shown to induce apoptosis in many cell types, such as cardiac cells, pancreatic beta cells, breast cancer cells, and hepatocytes, and are associated with the development of a variety of diseases, such as diabetes, heart disease, and non alcoholic fatty liver disease (NAFLD) ([@R21], [@R22]). The mechanism by which palmitate induces apoptosis has been shown to be dependent on the cell type. For example, palmitate induces apoptosis by generating intracellular reactive oxygen species (ROS) in microvascular endothelial cells (EC) and retinal pericytes ([@R23]) but not in neonatal rat cardiomyocytes ([@R24]). Studies of palmitate-induced apoptosis in liver cells have focused predominantly on lysosomal permeabilization ([@R25]), intracellular metabolic pathways, such as beta oxidation ([@R26]), TG accumulation ([@R27]), and ceramide production ([@R28], [@R29]). In addition, we showed that in human hepatocellular carcinoma (HepG2/C3A) cell line, increased hydrogen peroxide (H~2~O~2~) and hydroxyl (\*OH) radicals mediated the palmitate-induced lipotoxicity ([@R30]). However, the cytotoxicity, as well as apoptosis, was not completely prevented upon treating with mitochondrial complex inhibitors or free radical scavengers, suggesting that mechanisms other than ROS production in the mitochondria are contributing to the toxicity of palmitate.

More recent investigations implicated certain Bcl-2 family proteins in mediating the saturated FFA-induced apoptosis of liver cells. For example, palmitate-induced apoptosis in liver cells has been identified to be related to the activation ([@R25], [@R31]) of Bax and a decrease of the Bax antagonist Bcl-X(L) ([@R25]). In addition, elevated Bcl-2-interacting mediator of cell death (Bim), a pro-apoptotic Bcl-2 family protein, has been found to play a role in stearic and palmitic acid-induced apoptosis of several liver cell lines including HepG2 ([@R31], [@R32]), and this process has been determined to be dependent on the transcription factor, FoxO3a ([@R31]). In addition to these pro-apoptotic Bcl-2 family proteins, an anti-apoptotic member, Bcl-2, has also been identified as an important factor in regulating the apoptosis of HepG2 cells ([@R33]-[@R35]), although it has not been established whether palmitate has any effect on Bcl-2 in HepG2 cells. In pancreatic cells, the induction of apoptosis by palmitate has been shown to be associated with reduced anti-apoptotic Bcl-2 level ([@R36]). In the present study, we found a similar effect of palmitate on the level of Bcl-2 and furthermore, showed that palmitate also down-regulated the phosphorylation of Bcl-2 at Ser70, but not at Ser87, in HepG2 cells.

As one of the most important anti-apoptotic members in the Bcl-2 family, Bcl-2 protects cells against intrinsic apoptosis by maintaining the integrity of the mitochondrial membrane ([@R37]). The expression of the Bcl-2 gene has been shown to be regulated by different transcription factors, depending on the cell type ([@R38]-[@R40]). In liver tumor cell lines such as U937 and HepG2 cells, NF-κB has been identified as the central regulator of the transcription of the Bcl-2 gene ([@R41], [@R42]). Bcl-2 is expressed in progenitor cells in several self-renewing tissues and in certain tumor cells, including human hepatocellular carcinoma (HepG2) cells ([@R43]-[@R46]). Immunohistochemical studies indicate that Bcl-2 is not expressed in primary hepatocytes ([@R43]), although more recent study with "high-power" staining showed Bcl-2 expression in primary hepatocytes ([@R47]). In the present study, we confirm, by both RT-PCR and Western blotting, that HepG2 cells express Bcl-2, and propose a pathway through which palmitate regulates Bcl-2 protein in HepG2 cells.

Post-translational modification, e.g., phosphorylation, of Bcl-2 also plays a role in determining the anti-apoptotic role of Bcl-2 ([@R48]). Phosphorylation of Bcl-2 at the anti-apoptotic site, Ser70, sustains the anti-apoptotic role of Bcl-2 ([@R49]). On the other hand, phosphorylation of Bcl-2 at Ser87 is believed to reduce the anti-apoptotic function of Bcl-2, possibly by inhibiting the phosphorylation of Bcl-2 at Ser70 or destabilizing the Bcl-2 protein ([@R50], [@R51]). MAPKs have been proposed to mediate the phosphorylation of Bcl-2 ([@R52]-[@R56]), since the sequences surrounding both Ser70 and Ser87 residues of the Bcl-2 protein represent the consensus motif, X-X-S-P, recognized by MAPKs ([@R56]). PP2A, a Ser/Thr-specific protein phosphatase, has been shown to dephosphorylate Bcl-2 at both Ser70 ([@R57]) and Ser87 ([@R51]) residues.

In the present study, our data support the action of PKR as an anti-apoptotic factor and determine that PKR is involved in regulating the protein level and phosphorylation of Bcl-2 in HepG2 cells. There has been no evidence in the literature to date indicating whether palmitate has an effect on the activity of PKR. We show palmitate down-regulates the activity of PKR, which however does not alter the phosphorylation level of eIF-2α, and propose that the repression of PKR mediates apoptosis by regulating Bcl-2.

Results {#S2}
=======

Palmitate Induces Cytotoxicity and Apoptosis of HepG2 Cells {#S3}
-----------------------------------------------------------

Previous work in our lab showed that palmitate induced cytotoxicity in HepG2 cells ([@R30], [@R58]), while unsaturated FFAs, e.g. oleate and linoleate, were not cytotoxic ([@R30], [@R58]). In a separate study, we found upon exposure to palmitate the HepG2 cells stained for Annexin-V (data not shown), which indicates phosphatidylserine externalization, a sign of early stage apoptosis. In the present study, we further found that palmitate increased LDH released and caspase-3 activity of HepG2 cells in a dose dependent manner, while oleate did not have a significant effect on LDH release and caspase-3 activity ([Fig. 1 *A and B*](#F1){ref-type="fig"}), supporting that palmitate induces cytotoxicity and apoptosis in HepG2 cells. It has been confirmed also in the literature, that palmitate induces apoptosis of HepG2 cells ([@R31], [@R32]).

Palmitate Decreases the Activity of PKR in HepG2 Cells {#S4}
------------------------------------------------------

Palmitate decreased the phosphorylation of PKR at Thr451, which indicates the activity of PKR, in a dose-dependent manner ([Fig. 2*A*](#F2){ref-type="fig"}), while unsaturated FFA, oleate, did not significantly affect the phosphorylation of PKR ([Fig. 2*B*](#F2){ref-type="fig"}) in HepG2 cells. Considering the apoptotic effects of palmitate on HepG2 cells ([Fig. 1B](#F1){ref-type="fig"}), we hypothesize that in HepG2 cells, PKR is involved in mediating the apoptosis induced by palmitate. To uncover the role of PKR in regulating apoptosis, gene silencing, and gene over-expression studies were performed.

PKR is Anti-apoptotic in HepG2 Cells {#S5}
------------------------------------

The siRNA targeting PKR employed in the present study markedly inhibited the gene and protein expression of PKR, and thereby reduced the level of phosphorylated PKR ([Fig. 3*A*](#F3){ref-type="fig"}). Silencing PKR with this siRNA increased the activity of caspase-3 significantly ([Fig. 3*B*](#F3){ref-type="fig"}) but not the release of LDH ([Fig. 3*B*](#F3){ref-type="fig"}), and induced fragmentation of chromatin DNA ([Fig. 3*B*](#F3){ref-type="fig"}), suggesting that PKR has an anti-apoptotic role in HepG2 cells. To confirm the role of PKR in apoptosis, we over-expressed and rescued the PKR expression level in PKR-silenced cells and found that the caspases-3 activity was reduced to levels close to control ([Fig. 3*C*](#F3){ref-type="fig"}). Taken together, these results suggest that PKR plays an anti-apoptotic role in HepG2 cells. To further confirm a catalytic role of PKR in regulating apoptosis, we inhibited the activity of PKR with a pharmaceutical inhibitor of PKR ([@R59]-[@R61]) and found that, similar to the siRNA of PKR, the PKR inhibitor also induced apoptosis in HepG2 cells, as evidenced by the caspase-3 activity and DNA fragmentation ([supplementary Fig. 1](#SD2){ref-type="supplementary-material"}). Considering the negative effect of palmitate on the activity of PKR, we therefore proposed that palmitate induces apoptosis, in part, by repressing PKR.

Palmitate Down-regulates the Protein Expression Level of Bcl-2 {#S6}
--------------------------------------------------------------

Palmitate decreased the protein level of Bcl-2 ([Fig. 4*A*](#F4){ref-type="fig"}). Oleate did not have a significant effect on the protein level of Bcl-2 ([Fig. 4*B*](#F4){ref-type="fig"}). It is unclear from the literature how palmitate would regulate the Bcl-2 protein. However, as illustrated in [Figs. 2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}, palmitate, concomitantly, decreased the phosphorylation of PKR and the protein level of Bcl-2, suggesting a potential association between PKR and Bcl-2. To confirm this association and test the involvement of PKR in mediating the effect of palmitate on Bcl-2, gene silencing and over-expression of PKR were performed.

PKR is Involved in Mediating the Effects of Palmitate on the Protein Level of Bcl-2 in HepG2 Cells {#S7}
--------------------------------------------------------------------------------------------------

Silencing the expression of the PKR gene with siRNA of PKR ([Fig. 3*A*](#F3){ref-type="fig"}) down-regulated the mRNA and protein level of Bcl-2 ([Fig. 5 *A and B*](#F5){ref-type="fig"}), suggesting that PKR positively regulates the mRNA expression ([Fig. 5*A*](#F5){ref-type="fig"}), and in turn the protein level ([Fig. 5*B*](#F5){ref-type="fig"}) of Bcl-2. Similarly, inhibiting the activity of PKR, with the PKR inhibitor, also suppressed the mRNA and protein level of Bcl-2 ([Supplementary Fig. 2 *A and B*](#SD2){ref-type="supplementary-material"}). Considering the repressive effect of palmitate on the PKR activity ([Fig. 2](#F2){ref-type="fig"}), we hypothesize that the suppression of PKR activity mediates the negative effects of palmitate on Bcl-2 levels. To confirm our hypothesis that PKR is involved in the decrease of Bcl-2 by palmitate, we over-expressed the PKR gene in HepG2 cells ([Fig. 5*C*](#F5){ref-type="fig"}) and exposed the cells to palmitate, and indeed found that the Bcl-2 level was rescued by over-expressing PKR ([Fig. 5*C*](#F5){ref-type="fig"}). This suggests that the suppression of PKR activity indeed mediates the decrease of Bcl-2 induced by palmitate.

Thus far, we showed that palmitate down-regulated the activity of PKR, which played an anti-apoptotic role in HepG2 cells. We identified that by suppressing the PKR activity, palmitate down-regulated the expression level of Bcl-2. Although the mechanism is not fully understood, the positive effect of PKR on the anti-apoptotic protein Bcl-2 could serve as one of the potential pathways by which PKR protects HepG2 cells from apoptosis. It is known that PKR phosphorylates I- κB, which then releases and activates NF-κB ([@R11], [@R12]), the key transcription factor that up-regulates the transcription of Bcl-2 in HepG2 cells ([@R41], [@R42]). Indeed, silencing the gene expression of PKR decreased the level of NF-κB in the nucleus ([Fig. 6*A*](#F6){ref-type="fig"}, comparing lanes 1 and 3), while over-expressing PKR increased it ([Fig. 6*A*](#F6){ref-type="fig"}, comparing lanes 1 and 2). Moreover, the decreased level of NF-κB in the nucleus was restored by rescuing the PKR expression in PKR-silenced cells ([Fig. 6*A*](#F6){ref-type="fig"}, comparing lanes 3 and 4). Furthermore, the PKR inhibitor also decreased the level of NF-κB p65 in the nuclear extract of HepG2 cells ([Supplementary Fig. 2*B*](#SD2){ref-type="supplementary-material"}). These results suggest that PKR regulates the activity of NF-κB in HepG2 cells. It has been shown that NF-κB plays a key role in facilitating the transcription of the Bcl-2 gene in liver tumor cell lines, such as U937 and HepG2 cells, and the inhibition of the NF-κB results in down-regulation of the Bcl-2 gene expression ([@R41], [@R42]). Therefore, it is expected that the protein level of Bcl-2 modifies in correspondence with the nuclear level of NF-κB, as shown in [Fig. 6A](#F6){ref-type="fig"}, in which the gene expression level of PKR is modulated. We further confirmed the role of NF-κB in regulating the expression level of Bcl-2 with an inhibitor of NF-κB, NF-κB SN50 ([Fig. 6*B*](#F6){ref-type="fig"}). Thus, from our results and the literature data, we propose that the transcription factor, NF-κB, mediates PKR regulation of Bcl-2 expression in HepG2 cells. Indeed, we also observed that palmitate decreased the level of NF-κB in the nucleus ([Fig. 6*C*](#F6){ref-type="fig"}).

In summary, palmitate induces apoptosis of HepG2 cells, in part, by reducing Bcl-2 level, mediated by the repression of PKR and NF-κB activities ([Fig. 2](#F2){ref-type="fig"}-[6](#F6){ref-type="fig"}). However, in addition to the protein level of Bcl-2, the anti-apoptotic role of Bcl-2 is regulated also by the post-translational modification of Bcl-2. The phosphorylation of Bcl-2 at Ser70 sustains the anti-apoptotic role of Bcl-2, while phosphorylation of Bcl-2 at Ser87 attenuates the anti-apoptotic role of Bcl-2 ([@R49]-[@R51]). Therefore, we further investigated the involvement of palmitate and PKR in regulating the phosphorylation of Bcl-2.

Palmitate Decreases the Phosphorylation of Bcl-2 at Ser70, while the Phosphorylation of Bcl-2 at Ser87 is Not Affected {#S8}
----------------------------------------------------------------------------------------------------------------------

Palmitate decreased the phosphorylation of Bcl-2 at Ser 70 in HepG2 cells ([Fig. 7*A*](#F7){ref-type="fig"}). On the other hand, the phosphorylation of Bcl-2 at the pro-apoptotic amino acid residue, Ser87, was not affected by palmitate ([Fig. 7*B*](#F7){ref-type="fig"}). Considering the concomitant repression of the phosphorylation of Bcl-2 and PKR activity by palmitate ([Fig. 2](#F2){ref-type="fig"}), we propose that PKR, a protein kinase, may be involved in mediating the effects of palmitate on the phosphorylation of Bcl-2.

PKR is Involved in Mediating the Effects of Palmitate on the Phosphorylation of Bcl-2 at Ser70 {#S9}
----------------------------------------------------------------------------------------------

Silencing the PKR gene using siRNA of PKR decreased the phosphorylation of Bcl-2 at Ser70 ([Fig. 8*A*](#F8){ref-type="fig"}), indicating that PKR has a positive effect on (i.e., enhances) the phosphorylation of Bcl-2 at Ser70, while the phosphorylation of Bcl-2 at Ser87 was not affected by silencing PKR ([Fig. 8*A*](#F8){ref-type="fig"}). The role of PKR in positively regulating the phosphorylation of Bcl-2 at Ser70 is also supported by an inhibition study of PKR ([Supplementary Fig. 2*C*](#SD2){ref-type="supplementary-material"}). The effects of silencing or inhibiting PKR on the phosphorylation of Bcl-2 at Ser70 and Ser87 are consistent with those of palmitate, and considering the negative effect of palmitate on PKR activity ([Fig. 2](#F2){ref-type="fig"}), we propose that the suppression of the PKR activity mediates the negative effects of palmitate on the phosphorylation of Bcl-2 at Ser70, as well as, the protein level of Bcl-2. To confirm this hypothesis, we over-expressed the PKR gene in HepG2 cells and exposed the cells to palmitate ([Fig. 5*C*](#F5){ref-type="fig"}) and found that the phosphorylation of Bcl-2 at Ser70 was restored by over-expressing PKR in the palmitate treatment ([Fig. 8*B*](#F8){ref-type="fig"}), supporting the involvement of PKR in mediating the effect of palmitate on the phosphorylation of Bcl-2 at Ser70. However, co-immunoprecipitation study showed that PKR did not directly interact with the Bcl-2 protein ([Fig. 8*C*](#F8){ref-type="fig"}); therefore other intermediate signaling molecules are involved in mediating the effect of PKR on the phosphorylation of Bcl-2. PKR has been reported to positively signal MAPKs ([@R13]), and sequence analysis of both Ser70 and Ser87 residues of Bcl-2 suggests that JNK could regulate the phosphorylation of Bcl-2 ([@R56]). Taken together, the evidence suggests that JNK may act as one of the intermediates, between PKR and Bcl-2.

PKR Positively Regulates JNK, and JNK Regulates the Phosphorylation of Bcl-2 at Ser70, but not at Ser87 {#S10}
-------------------------------------------------------------------------------------------------------

Co-immunoprecipitation study indicated that JNK directly interacted with both PKR and Bcl-2 ([Fig. 9*A*](#F9){ref-type="fig"}), suggesting that JNK may be a potential intermediate protein kinase that mediates the positive effect of PKR on the phosphorylation of Bcl-2 at Ser70. Indeed, silencing the PKR gene repressed the activity of JNK ([Fig. 9*B*](#F9){ref-type="fig"}, comparing lanes 1 and 3), while over-expressing PKR enhanced it ([Fig. 9*B*](#F9){ref-type="fig"}, comparing lanes 1 and 2). Moreover, the suppressed JNK activity was restored by rescuing the PKR expression in PKR-silenced cells ([Fig. 9*B*](#F9){ref-type="fig"}, comparing lanes 3 and 4), confirming the positive connection between PKR and JNK. Considering the negative effect of palmitate on PKR activity ([Fig. 2](#F2){ref-type="fig"}), we then propose that palmitate decreases the activity of JNK by repressing PKR. Indeed, we found that treatment of palmitate for 24 hours decreased the phosphorylation of JNK ([Fig. 9*C*](#F9){ref-type="fig"}), and over-expressing PKR in the palmitate treatment restored the phosphorylation of JNK ([Fig. 9*D*](#F9){ref-type="fig"}), supporting the involvement of PKR in mediating the effect of palmitate on the phosphorylation of JNK. In addition, to further assess the connection between JNK and Bcl-2, we performed a JNK inhibition study and found that the JNK inhibitor, SP600125, suppressed the phosphorylation of Bcl-2 at Ser70, but not the phosphorylation at Ser87 ([Fig. 9 *E and F*](#F9){ref-type="fig"}), which is consistent with the distinct effects of palmitate as well as PKR on the phosphorylation of Bcl-2 at these two amino acid residues ([Figs. 7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}). Therefore, the results in [Figure 9](#F9){ref-type="fig"} suggest JNK as an intermediate protein that mediates the effects of palmitate and PKR on the phosphorylation of Bcl-2 at Ser70. We showed that PKR had an anti-apoptotic role in HepG2 cells ([Fig. 3](#F3){ref-type="fig"}), and to further confirm the positive correlation between PKR and JNK, we investigated the role of JNK in regulating the cytotoxicity and apoptosis in HepG2 cells. Inhibiting JNK using SP600125 significantly increased LDH release ([Fig. 10*A*](#F10){ref-type="fig"}) and caspase-3 activity ([Fig. 10*B*](#F10){ref-type="fig"}), suggesting that similar to PKR, *JNK has an anti-apoptotic role in HepG2 cells*.

In summary, palmitate inhibits the phosphorylation of Bcl-2 at the anti-apoptotic residue, Ser70, without affecting the pro-apoptotic residue, Ser87. Our data ([Fig. 7](#F7){ref-type="fig"}-[10](#F10){ref-type="fig"}) suggests that this effect of palmitate on the phosphorylation of Bcl-2 is mediated by the signaling of PKR and JNK. We therefore propose another anti-apoptotic pathway, which is suppressed by palmitate, consisting of PKR, JNK, and phosphorylation of Bcl-2.

Taken together, investigating the association between PKR and Bcl-2 revealed two different but complementary anti-apoptotic pathways that connect PKR and Bcl-2. First, PKR up-regulates the transcription of Bcl-2 gene, possibly through the transcription factor, NF-κB, and second, PKR up-regulates the phosphorylation of Bcl-2 at the anti-apoptotic residue, Ser70, mediated by JNK ([Fig. 11*B*](#F11){ref-type="fig"}). These two pathways were down-regulated in HepG2 cells upon exposure to palmitate, and may be one of the potential mechanisms by which palmitate induces apoptosis in HepG2 cells.

Discussion {#S11}
==========

In the present study, PKR is anti-apoptotic in human hepatoma cells. PKR is best known for its pro-apoptotic role by phosphorylating eIF-2α and thereby inhibiting general protein synthesis ([@R3], [@R4]). Thus, previously it was suggested that PKR acts as a tumor suppressor by inhibiting cell growth and inducing apoptosis ([@R62], [@R63]). In contrast, more recent studies suggest PKR has an anti-apoptotic role in regulating tumor development and tumor cell apoptosis ([@R6]-[@R9]). Elevated PKR protein level and activity were observed in certain tumor cells, i.e., human breast cancer cells ([@R6]), melanoma cells ([@R7], [@R9]), and hepatitis C virus (HCV)-related hepatocellular carcinoma ([@R8]). The over-expression and elevated activity of PKR have been attributed to the development of tumor, and the proliferation of tumor cells ([@R6]-[@R9]), but the mechanism is still unclear. Research suggests that PKR may suppress apoptosis by activating the NF-κB pathway before phosphorylating eIF-2α, therefore inducing cell survival initially and cell death subsequently in NIH3T3 cells expressing PKR ([@R5]). The present study supports an anti-apoptotic role of PKR in human hepatoma cells (HepG2) and suggests potential pathways through which PKR mediates anti-apoptosis through Bcl-2, thereby further providing a potential mechanism of palmitate-induced apoptosis in HepG2 cells. Interestingly, although the phosphorylation of PKR was significantly suppressed in HepG2 cells, the phosphorylation level of eIF-2α was not altered by palmitate ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}), suggesting that the protein synthesis arrest machinery and related apoptosis activity were not affected. Similarly, another substrate of PKR, B56α-PP2A, was also not affected by palmitate ([Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). Thus suggestive of other substrates of PKR, which we propose may be NF-κB and JNK, are mediating the effects of altered PKR activity on the regulation of Bcl-2 protein and phosphorylation levels in HepG2 cells.

PKR has been shown to activate several transcription factors such as IRF-1, p53, and NF-κB ([@R64], [@R65]). In the present study we show PKR is involved in controlling the transcription of Bcl-2 in HepG2 cells, mediated by the transcription factor, NF-κB. This result suggests a novel mechanism by which palmitate down-regulates the protein level of Bcl-2 ([Fig. 4](#F4){ref-type="fig"}) in HepG2 cells. By modulating the transcription of a number of anti-apoptotic genes, such as Bcl-2 ([@R66]), Bcl-xL ([@R67]), cIAPs ([@R68]), and p53 ([@R69]), NF-κB is commonly considered an anti-apoptotic transcription factor ([@R70], [@R71]), which is consistent with the anti-apoptotic role of PKR in HepG2 cells. It has been shown that NF-κB is the key regulator of transcription of the Bcl-2 gene in liver tumor cell lines including HepG2 ([@R41], [@R42]). However, other transcription factors that may regulate the transcription of the Bcl-2 gene, for example c-Myb ([@R38], [@R39]) and STAT5 ([@R40]), have not been evaluated in the present study. It is not known in the literature whether these transcription factors are altered by palmitate or regulated by PKR. Therefore, it remains to be determined whether other transcription factors, in addition to NF-kB, mediate the effect of PKR on the gene expression and protein levels of Bcl-2.

Furthermore, other studies have revealed that elevated Bim, a pro-apoptotic Bcl-2 family protein, also plays an important role in stearic and palmitic acid-induced apoptosis of several liver cell lines including HepG2 ([@R31], [@R32]), and this process has been determined to be dependent on the transcription factor, FoxO3a ([@R31]). In the present study, we propose that the suppression of PKR mediates palmitate-induced apoptosis through Bcl-2; therefore, to test the potential connection between our results and the previous findings on Bim, we evaluated the effect of PKR on the expression of Bim. Interestingly, silencing PKR significantly increased the protein level of Bim ([Fig. 11*A*](#F11){ref-type="fig"}), suggesting that PKR repressed Bim expression. As a BH3-only Bcl-2 protein, Bim promotes apoptosis by binding and inactivating anti-apoptotic proteins ([@R72]), therefore, the negative effect of PKR on Bim supports the role of PKR as an anti-apoptotic protein and could serve as another potential mechanism by which PKR inhibits apoptosis in HepG2 cell. In addition, we show in the present study that palmitate decreased PKR activity ([Fig. 2](#F2){ref-type="fig"}), thus it is possible that the up-regulation of Bim by palmitate ([@R31]) may be, in part, due to the repression of PKR activity. However, the mechanism by which PKR down-regulates the expression of Bim is not known at this point. Future experiments will determine whether PKR has any effect on the key transcription factor of Bim, FoxO3a ([@R31]). Previously, it was shown that PP2A, which was activated by palmitate, mediated the effect of palmitate on the activity of FoxO3a and thereby the expression of Bim ([@R31]). However, in our study palmitate did not affect the activity of PP2A (data not shown), and this contradictory results may be due to the different treatment time (6 vs. 24 hours) and/or the different types of palmitate (palmitic acid dissolved in isopropyl alcohol vs. sodium palmitate complexed with BSA) used.

In the present study, we uncovered a second anti-apoptotic pathway, namely, that PKR up-regulates the phosphorylation of Bcl-2 at Ser70 ([Fig. 8](#F8){ref-type="fig"}), mediated by JNK ([Fig. 9](#F9){ref-type="fig"}). Although sequence analysis suggests that both Ser70 and Ser87 residues of Bcl-2 can be recognized by JNK ([@R56]), interestingly, we found that only phosphorylation at Ser70 is affected by JNK ([Fig. 9](#F9){ref-type="fig"}). Concomitantly, palmitate ([Fig. 7](#F7){ref-type="fig"}) and PKR silencing ([Fig. 8](#F8){ref-type="fig"}) both decreased only the phosphorylation of Bcl-2 at Ser70, which lends support to the hypothesis that palmitate down-regulates the phosphorylation of Bcl-2 at Ser70 through PKR and JNK. In fact, all 3 MAPKs have been shown to be activated by PKR upon ribotoxic stress and the investigators proposed that MAPKs respond to PKR in the rank order of JNK\>p38\>ERK ([@R13]). However, we did not test the effects of PKR on the other two, less responsive, MAPK proteins, ERK and p38, which were also proposed to phosphorylate Bcl-2 at Ser70 ([@R53]-[@R55]). Thus, JNK is one of the intermediates involved in signaling the pathway from PKR to Bcl-2 phosphorylation. Further investigations of the 3 MAPKs are required to fully understand the interaction between PKR and Bcl-2.

Currently, it remains unclear how PKR interacts with MAPKs, e.g. JNK. An association between PKR and apoptosis signal-regulating kinase 1 (ASK1), one of the MAPK signaling proteins, has been previously established ([@R73]). ASK1, a MAPK kinase kinase (MAPKKK), phosphorylates SEK1/MKK4 or MKK3/MKK6, which in turn activates JNK or p38 MAPK, respectively ([@R74]). Our coimmunoprecipitation study suggests an interaction between JNK and PKR ([Fig. 9](#F9){ref-type="fig"}). Nevertheless it must be noted that the coimmunoprecipitation of PKR and JNK does not necessarily indicate a "direct" binding of these two proteins. It is believed that the activation of MAPK cascade requires a scaffold protein that assembles the MAPKKK, MAPKK, and MAPK proteins together into a certain signaling module ([@R75]). For instance, JIP1 organizes upstream kinase HPK-1, MAPKKK MLK1, MKK7, and JNK1/2, and facilitates the activation of JNK ([@R76]). Therefore, the coimmunoprecipitation study suggests an interaction, but not necessarily a direct one, between PKR and JNK. Instead, the coimmunoprecipitation of PKR and JNK may recruit a third protein, possibly a scaffold protein that assembles JNK and facilitates the activation of JNK by PKR. In other words, the pathway we identified consisting of PKR and JNK does not preclude the possibility of other intermediates between PKR and JNK. To understand how PKR interacts with JNK, the scaffold protein and the assembly of the signaling proteins with their upstream activators need to be investigated.

It is well known that JNK is involved in many signaling pathways that control diverse cellular activities such as proliferation, differentiation, and apoptosis. Through different pathways and substrates ([@R77]), JNK has been shown to have either pro- or anti-apoptotic functions, depending on the cell type, stimulus, duration of its activation and the activity of other signaling pathways, and therefore referred to as a "double-edge sword" ([@R78]). In liver tumor cell lines such as HepG2, conflicting views on the role of JNK in regulating apoptosis have been reported in the literature. For example, JNK was shown to mediate anti-apoptotic signals in transforming growth factor-beta 1- ([@R79]) and tumor necrosis factor-induced apoptosis ([@R80]) in HepG2 cells, while others have proposed pro-apoptotic roles for JNK in HepG2 cells ([@R32], [@R81]). In these studies on the role of JNK in regulating apoptosis, the JNK inhibitor, SP600125, was used, and the conflicting results may be due to the different conditions the investigators applied, such as the concentrations and treatment times of SP600125, and the accompanying additives. In our study, we inhibited JNK in regular medium for 24 hours and indeed found that the JNK inhibitor (SP600125, at 25 μM) was apoptotic, as evidenced by caspases-3 activity ([Fig. 10*B*](#F10){ref-type="fig"}). In Zhang et al. ([@R79]), liver tumor cell lines were treated with 20 μM SP600125 for 50 hours, resulting in significant increase of apoptosis. On the other hand, in Chen et al. ([@R81]), the authors treated the HepG2 cells with 1 μM SP600125 for 48 hours, and showed it blocked the norcantharidin-induced apoptosis. Interestingly, in their controls without norcantharidin, SP600125 or ERK inhibitor (U0126 or PD98059) slightly increased the apoptosis of HepG2 cells, which supports our finding with SP600125 in control medium. In the paper by Malhi et al. ([@R32]), the authors used SP600125 to inhibit JNK in the presence of palmitic acid for 24 hours, but the concentration of the inhibitor used was not specified. Our study suggest that JNK is involved in phosphorylating Bcl-2, an anti-apoptotic member of the Bcl-2 family, at its anti-apoptotic residue, Ser70 ([Fig. 9*C*](#F9){ref-type="fig"}), suggesting that JNK may act as an anti-apoptotic factor. The anti-apoptotic role exhibited by JNK is consistent with that of PKR and therefore lends support to the hypothesis that JNK may mediate, in part, the signaling between PKR and Bcl-2. However, inhibiting JNK with SP600125 also increased the LDH release significantly ([Fig. 10*A*](#F10){ref-type="fig"}), while silencing PKR did not have a significant effect on the LDH release ([Fig. 3*B*](#F3){ref-type="fig"}), suggesting that JNK may be involved in other cellular activities related to cytotoxicity, in addition to the pathway from PKR to Bcl-2. On the other hand, it is also possible that the inhibitor, SP600125, itself has other non-specific effects that lead to cytotoxicity, despite its wide use as an inhibitor of JNK.

The results in the present study show for the *first* time that palmitate treatment decreases the activity of PKR ([Fig. 2](#F2){ref-type="fig"}), however, the mechanism by which palmitate induces dephosphorylation of PKR is still unclear. Palmitate has been shown to induce a rise in cytosolic free Ca(2+) ([@R82]), and depletion of intracellular Ca(2+) resulted in the activation of PKR ([@R83]). These findings suggest that palmitate-induced inactivation of PKR could be mediated by a change in cytosolic Ca(2+) level. The auto-phosphorylation of PKR requires its dimerization, which depends on the hydrophobic residues on its catalytic-domain ([@R84], [@R85]). Therefore, a potential interaction between the free palmitate molecules and the hydrophobic residues in the catalytic-domain of PKR could disrupt the dimerization of PKR, and thereby inhibit its auto-phosphorylation. However, these proposed mechanisms require further investigation.

In summary, we identified an anti-apoptotic role of PKR and that it is involved in regulating the protein level and phosphorylation status of Bcl-2 in HepG2 cells. The transcription factor, NF-κB, and MAP kinase, JNK, appear to be involved in mediating the effects of PKR on the protein level and the phosphorylation of Bcl-2, respectively. We propose that by inhibiting PKR ([Fig. 2](#F2){ref-type="fig"}), palmitate suppresses these two pathways ([Fig. 4](#F4){ref-type="fig"} and [7](#F7){ref-type="fig"}), and thereby attenuates the anti-apoptotic machinery ([Fig. 11*B*](#F11){ref-type="fig"}).

Materials and Methods {#S12}
=====================

Cell Culture and Reagent {#S13}
------------------------

Human hepatocellular carcinoma cell (HepG2) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS) (Biomeda Corp, Foster City, CA) and penicillin-streptomycin (penicillin: 10,000 U/ml, streptomycin: 10,000 μg/ml) (Invitrogen, Carlsbad, CA). Freshly trypsinized HepG2 cells were suspended at 5 × 10^5^ cells/ml in standard HepG2 culture medium and seeded at a density of 10^6^ cells per well in standard six-well tissue culture plates. After seeding, the cells were incubated at 37°C in a 90% air/10% CO2 atmosphere, and two milliliter of fresh medium was supplied every other day to the cultures after removal of the supernatant. The HepG2 cells were cultured in standard medium for 5-6 days to achieve 90% confluent before treating with FFAs, or other additives. HepG2 cell number was assessed by trypan blue dye exclusion using a hematocytometer. Phosphate-buffered saline (PBS) were purchased from Invitrogen, poly-(I:C) and trypan blue from Sigma-Aldrich (St. Louis, MO), NF-κB SN50 and its inactive control, NF-κB SN50M, PKR inhibitor, JNK inhibitor (SP600125) and their analogues, used as negative controls, from EMD Biosciences (San Diego, CA).

Fatty Acid Salt Treatment {#S14}
-------------------------

Sodium salts of palmitate (P9767) and oleate (O7501) were purchased from Sigma-Aldrich. Palmitate and oleate were complexed to 0.7 mM bovine serum albumin (BSA, fatty acid free) dissolved in the media, which mimics the physiological concentration of albumin in human blood (3.5-5%, ([@R86])). Fatty acid free BSA was purchased from MP Biomedicals (Chillicothe, OH). Dose responses of palmitate at 0, 0.2, 0.4, and 0.7 mM were performed in most of the experiments. If only one concentration was reported, the concentration of palmitate or oleate would be 0.7 mM. In all the experiments, FFAs were treated for 24 hours, and the vehicle (0.7 mM BSA) was used as the control.

RNA Interference for PKR and Reverse Transfection {#S15}
-------------------------------------------------

Silencer^®^ Validated siRNA targeting human PKR mRNA was purchased from Ambion (Austin, TX). The synthesized oligonucleotides for siRNA are 5'-GGUGAAGGUAGAUCAAAGATT-3' and 5'-UCUUUGAUCUACCUUCACCTT-3'. Reverse transfection of siRNA was performed. In general, the scrambled non-targeting siRNA as a negative control or the siRNA targeting PKR was diluted in serum and antibiotic free Opti-MEM (Invitrogen), and mixed with the transfection reagent, Lipofectamine RNAiMAX (Invitrogen). The mixture of siRNA and Lipofectamine RNAiMAX in Opti-MEM were then added into 6-well plates and incubated in room temperature for 20 minutes. HepG2 cells suspended in antibiotic free media were counted and plated into the 6-well plates at the same cell number per well. The cells were then incubated at 37°C for 24 hours. After transfection, the cells were incubated in regular media for another 24 hours and then collected. The mRNA and protein levels of PKR were measured by RT-PCR and Western blot analysis, respectively. Titration of the siRNA and the transfection reagent was performed (not shown), and the lowest working amounts of the siRNA and the transfection reagent were applied in the loss-of-function (LOF) experiments in the present study.

Over-expression of PKR and Forward Transfection {#S16}
-----------------------------------------------

The PKR plasmid, pCMV6-XL5-hPKR, and the empty vector, pCMV6-XL5, were purchased from Origene (Rockville, MD). Transient transfection was performed according to the Lipofectamine 2000 (Invitrogen) method. In general, regular HepG2 cells ([Fig. 5*C*](#F5){ref-type="fig"} and [8*B*](#F8){ref-type="fig"}) or the cells, in which the PKR gene was silenced by the siRNA of PKR ([Fig. 3*C*](#F3){ref-type="fig"}), were washed twice with phosphate buffered saline, and the medium was replaced with 2 ml of Opti-MEM with 1% FBS. 2 μg/well of pCMV6-XL5-hPKR or the empty vector pCMV6-XL5 was then mixed with 10 ul/well of Lipofectamine 2000 in Opti-MEM, and 20 minutes later, the mixture was added to the wells. After 6 hours of transfection, the cells were then cultured in regular media for 48 hours, and harvested ([Fig. 3C](#F3){ref-type="fig"}) or treated with palmitate ([Fig. 5*C*](#F5){ref-type="fig"} and [8*B*](#F8){ref-type="fig"}) subsequently.

Cytotoxicity Measurement {#S17}
------------------------

HepG2 cells were cultured in different media for 24 hours and the supernatants were collected. Cells were washed with PBS and kept in 1% triton-X-100 in PBS for 24 hours at 37°C. Cell lysate was then collected, vortexed for 15 seconds, and centrifuged at 7000 rpm for 5 minutes. Cytotoxicity detection kit (Roche Applied Science, Indianapolis, IN) was used to measure the LDH levels in the supernatants and in the cell lysates. The fraction of LDH released into the medium was normalized to the total LDH (LDH released into the medium + LDH remaining in the cell lysates) ([@R30]).

DNA Fragmentation {#S18}
-----------------

Treated HepG2 cells were lysed and DNA was extracted using the DNA purification kit from Promega (Madison, WI). 2 μg of DNA samples were analyzed by electrophoresis on 1.5% agarose gels and visualized by SYBR gold staining for 4 hours.

Caspase Analysis {#S19}
----------------

For the caspase-3 substrate cleavage assay, the cells were washed with PBS, lysed, and assayed in a 96-well plate using the Caspase-3 cellular assay kit (Biomol, Plymouth Meeting, PA). Fluorescence was measured at emission and excitation settings of 360 and 460 nm, respectively, with Microplate Spectrofluorometer from Molecular Device (Sunnyvale, CA). Caspase-3 activities were normalized by relative beta-actin levels.

Nuclear Extraction and Detection of Nuclear NF-κB levels {#S20}
--------------------------------------------------------

The nuclear extracts from HepG2 cells were prepared using the Nuclear/Cytosol Fraction Kit from BioVision (Mountain View, CA). The extracted nuclear and cytoplasmic protein fractions are subjected to Western blotting analysis with anti-NF-kB p65 and anti-TBP, as a loading control for nuclear extracts, and anti-beta actin for cytoplasmic fractions.

Western Blot Analysis and Immunoprecipitation {#S21}
---------------------------------------------

HepG2 cells were washed twice with cold PBS and lysed in 300 μL/well of CelLytic M cell lysis buffer (Sigma-Aldrich) supplemented with protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) and Ser/Thr phosphatase inhibitor cocktail (Sigma-Aldrich). Cell lysate was clarified by centrifugation at 10,000 rpm for 15 minutes, and the supernatant was collected. Total protein levels were quantified by BCA assay kit from Pierce Inc (Rockford, IL). 20-40 μg of total protein were resolved by SDS-PAGE gels from Bio-Rad, transferred to nitrocellulose membranes, and probed with primary and secondary antibodies. Biotinylated protein ladders (Cell Signaling, Beverly, MA) were loaded to one well of each SDS-PAGE gel, and anti-biotin antibody was used to detect the protein ladders on Western blots. Antibody detection was performed using the enhanced chemiluminescence kit from Pierce Biotechnology and imaged on the Molecular Imager ChemiDoc XRS System from Bio-Rad. For immunoprecipitation, the cell lysates were incubated with appropriate primary antibodies at 4°C for 1-2 hours, and the immunocomplexes were precipitated in a mixture with protein A affinity gel (Sigma-Aldrich) by incubating overnight. Immunoprecipitates were washed three times with the cell lysis buffer and boiled in SDS-PAGE sample buffer, and the immune complexes were analyzed by western blot analysis. Phospho site-specific anti-eIF2α (Ser51) and JNK (T183/Y185), anti-eIF2α, anti-PKR, anti-NF-kB p65, and anti-JNK rabbit polyclonal antibodies were purchased from Cell Signaling (Beverly, MA), phospho site-specific anti-PP2A/C (Tyr307) from Abcam (Cambridge, MA), phospho site-specific anti-Bcl-2 (Ser70) from Upstate (Charlottesville, VA), phospho site-specific anti-phospho PKR (Thr451) and Bcl-2 (Ser87) polyclonal antibodies from EMD Biosciences, anti-Bcl-2, anti-Bim, anti-TBP, and anti-beta actin antibodies from Sigma-Aldrich. Anti-PP2A-B56α and anti-goat secondary antibody was purchased from Santa Cruze Biotechnology (Santa Cruz, CA). Secondary anti-rabbit and anti-mouse antibodies were purchased from Pierce Biotechnology Inc.

Real-time Quantitative RT-PCR Analysis {#S22}
--------------------------------------

Total RNA was extracted from cells with the RNeasy mini kit (Qiagen, Valencia, CA) and depleted of contaminating DNA with RNase-free DNase (Qiagen). Equal amounts of total RNA (1 μg) were reverse-transcribed using an iScript cDNA synthesis kit (Bio-RAD). The first-strand cDNA was used as a template. The primers used for quantitative RT-PCR analyses of human PKR (5'-CCTGTCCTCTGGTTCTTTTGCT-3' and 5'-GATGATTCAGAAGCGAGTGTGC-3') ([@R87]), human Bcl-2 (5'-ACATCGCCCTGTGGATGACT-3' and 5'-TCACTTGTGGCCCAGATAGG-3'), and human GAPDH (5'-AACTTTGGTATCGTGGAAGGA-3' and 5'-CAGTAGAGGCAGGGATGATGT-3') were synthesized by Operon Biotechnologies, Inc. (Huntsville, AL). RT-PCR was performed in 25-μl reactions using 1/10 of the cDNA produced by reverse transcription, 0.2 μM each primer, 1 X SYBR green supermix from Bio-RAD, and an annealing temperature of 60 °C for 40 cycles. Each sample was assayed in three independent RT reactions and triplicate reactions were performed and normalized to GAPDH expression levels. Negative controls included the absence of enzyme in the RT reaction and absence of template during PCR. The cycle threshold (CT) values corresponding to the PCR cycle number at which fluorescence emission in real time reaches a threshold above the base-line emission were determined using MyIQ™ Real-Time PCR Detection System (Bio-RAD).

Statistical Analysis {#S23}
--------------------

All experiments were performed at least three times, and representative results are shown. All data, unless specified, are shown as the mean ± S.D. for indicated number of experiments. One-way ANOVA with Tukey's post hoc method were used to evaluate statistical significances between different treatment groups. Statistical significance was set at p\<0.01.

Supplementary Material {#S24}
======================
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![Effects of palmitate on cytotoxicity and apoptosis of HepG2 cells\
HepG2 cells were cultured in regular media until reaching approximately 90% confluency, and then exposed to different levels of palmitate or 0.7 mM oleate for 24 hours. The vehicle for the FFAs (0.7 mM BSA) was used as the control (i.e., regular media with BSA) (A, B). LDH release (A) and caspase-3 activity (B) were measured after treating with palmitate. Data expressed as averages of nine samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly higher than control, i.e., regular media with BSA, p\<0.01.](nihms72869f1){#F1}

![Effects of palmitate and oleate on the activity of PKR\
HepG2 cells were cultured in regular media until reaching 90% confluency and then exposed to different levels of palmitate (A), 0.7 mM palmitate or oleate (B) for 24 hours. The vehicle for the FFAs (0.7 mM BSA) was used as the control (i.e., regular media with BSA), in which the concentration of FFAs was 0 (A, B). After treatment, the cells were harvested, and western blot analysis was performed to detect the phosphorylated level of PKR. Quantified the level of p-PKR Thr451 by normalizing to the levels of total PKR and expressed as average of three samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly lower than control, i.e., regular media with BSA, p\<0.01.](nihms72869f2){#F2}

![Role of PKR in cytotoxicity and apoptosis of HepG2 cells\
Reverse transfection of suspended HepG2 cells were performed with scrambled siRNA (Control) or siRNA of PKR for 24 hours and the transfected cells were cultured in regular media for another 24 hours (A, B). Cells were then harvested, and RT-PCR and western blot analysis were performed to detect the gene, protein and phosphorylation levels of PKR to confirm that the PKR gene was silenced and the activity of PKR was suppressed (A). LDH release, Caspase-3 activity, and DNA fragmentation were assayed (B). In (C), reverse transfection of scramble siRNA (■, control) or siRNA of PKR (▨, siPKR) was performed followed by forward transfection of empty vector pCMV6-XL5 (pCMV) or the plasmid containing PKR cDNA sequence (hPKR). Cells were then harvested and caspase-3 activity was assayed (C). Data expressed as average of three (A) or nine (B, C) samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly higher (B, C) or lower (A, C), than control, p\<0.01. \#, significantly lower than siPKR-CMV in Fig. C, p\<0.01.](nihms72869f3){#F3}

![Effects of palmitate and oleate on the protein level of Bcl-2\
HepG2 cells were cultured in regular media until reaching 90% confluency, and then exposed to different levels of palmitate (A), 0.7 mM palmitate or 0.7 mM oleate (B) for 24 hours. The vehicle for the FFAs (0.7 mM BSA) was used as the control (i.e., regular media with BSA), in which the concentration of FFAs was 0 (A, B). After treatment, the cells were harvested, and western blot analysis was performed to detect the protein level of Bcl-2. Quantified Bcl-2 protein level by normalizing to beta actin levels and expressed as average of three samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly lower than control, i.e., regular media with BSA, p\<0.01.](nihms72869f4){#F4}

![Involvement of PKR in regulating the protein level of Bcl-2\
Reverse transfection of suspended HepG2 cells were performed with scrambled siRNA (Control) or siRNA of PKR for 24 hours and the transfected cells were cultured in regular media for another 24 hours (A, B). Cells were harvested, and RT-PCR (A) and western blot analysis (B) were performed to detect the gene (A) and protein (B) expression levels of PKR (■, also shown in [Fig. 3*C*](#F3){ref-type="fig"}) and Bcl-2 (▨). In HepG2 cells, forward transfection of empty vector pCMV6-XL5 (pCMV6) or the plasmid containing PKR cDNA sequence (pCMV6-hPKR) was performed and the cells were then treated with different concentrations of palmitate for 24 hours (C). The vehicle for palmitate (0.7 mM BSA) was used as the control (i.e., regular media with BSA), in which the concentration of palmitate was 0 (C). Cells were then harvested, and western blot analysis was performed to detect the phosphorylation and protein level of PKR and the protein levels of Bcl-2 (C). Gene expression data expressed as average of nine samples ± SD from three independent experiments. Quantified the protein levels of Bcl-2 by normalizing to beta actin and expressed as average of three samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★ and \#, PKR or Bcl-2 levels significantly lower than control, p\<0.01.](nihms72869f5){#F5}

![Role of PKR in regulating the Nuclear NF-κB p65 level\
Reverse transfection of scramble siRNA (control, the first two lanes) or siRNA of PKR (siPKR, the third and fourth lane) was performed followed by forward transfection of empty vector pCMV6-XL5 (pCMV) or the plasmid containing PKR cDNA sequence (hPKR) (A). Cells were then harvested and the nuclear extract was separated from the cytoplasmic fraction, and western blot analysis was performed to detect the level of Bcl-2 in the cytoplasmic fraction and the levels of NF-kB p65 in both the nuclear extract and the cytoplasmic fraction. TBP and beta actin were also measured as loading controls for the nuclear extracts and the cytoplasmic fraction, respectively (A). 90%-confluent HepG2 cells were exposed to a cell-permeable inhibitor of NF-kB, SN50 (18 μM), or its negative control, SN50M (18 μM), in regular media for 24 hours (B). After treatment, the cells were harvested, and western blot analysis was performed to detect the protein level of Bcl-2 in the whole cell lysates (B). 90%-confluent HepG2 cells were exposed to 0.7 mM palmitate or oleate for 24 hours (C). The vehicle for the FFAs (0.7 mM BSA) was used as the control (i.e., regular media with BSA). After treatment, the cells were harvested, and western blot analysis was performed to detect the protein level of NF-kB p65 in the nuclear extracts (C).](nihms72869f6){#F6}

![Effect of Palmitate on the phosphorylation of Bcl-2\
HepG2 cells were cultured in regular media until reaching 90% confluency, and then exposed to regular media with different levels of palmitate (A, B) for 24 hours. The vehicle for palmitate (0.7 mM BSA) was used as the control (i.e., regular media with BSA), in which the concentration of palmitate was 0 (A, B). After treatment, the cells were harvested and immunoprecipitated with anti-Bcl-2 and detected for the phosphorylation of Bcl-2 at Ser 70 (A) and Ser87 (B). Quantified the phosphorylation level of Bcl-2 by normalizing to total Bcl-2 levels and expressed as average of three samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly lower than control, i.e., regular media with BSA, p\<0.01.](nihms72869f7){#F7}

![Involvement of PKR in regulating the phosphorylation of Bcl-2 at Ser70\
Reverse transfection of suspended HepG2 cells were performed with scrambled siRNA (Control) or siRNA of PKR for 24 hours and the transfected cells were cultured in regular media for another 24 hours (A). Cells were harvested and immunoprecipitated with anti-Bcl-2 and detected for the phosphorylation of Bcl-2 at Ser 70 and Ser87 (A). In HepG2 cells, forward transfection of empty vector pCMV6-XL5 (pCMV6) or the plasmid containing PKR cDNA sequence (pCMV6-hPKR) was performed and the cells were then treated with different concentrations of palmitate for 24 hours (B). The vehicle for palmitate (0.7 mM BSA) was used as the control (i.e., regular media with BSA), in which the concentration of palmitate was 0 (B). After the transfections and palmitate treatment, cells were harvested, and cell lysates were immunoprecipitated with anti-Bcl-2 and detected for phosphorylation of Bcl-2 at Ser 70 (B) (Please see [Fig. 5*C*](#F5){ref-type="fig"} for the over-expressed PKR levels). Confluent HepG2 cells were harvested, and immunoprecipitated with anti-Bcl-2 or anti-PKR, and western blot analysis was performed to detect the coimmunoprecipitation of Bcl-2 and PKR (C). Quantified the phosphorylation level of Bcl-2 by normalizing to total Bcl-2 levels and expressed as average of three samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly different from control, p\<0.01.](nihms72869f8){#F8}

![Involvement of JNK in regulating the phosphorylation of Bcl-2\
Confluent HepG2 cells were harvested, and immunoprecipitated with anti-Bcl-2 or anti-PKR, and western blot analysis was performed to detect the protein level of JNK (A). Reverse transfection of scramble siRNA (control, the first two lanes) or siRNA of PKR (siPKR, the third and fourth lane) was performed followed by forward transfection of empty vector pCMV6-XL5 (pCMV) or the plasmid containing PKR cDNA sequence (hPKR) (B). 90%-confluent HepG2 cells were exposed to 0.7 mM palmitate or oleate for 24 hours (C). The vehicle for the FFAs, 0.7 mM BSA, was used as the control (i.e., regular media with BSA) (C). In HepG2 cells, forward transfection of empty vector pCMV6-XL5 (pCMV6) or plasmid containing PKR cDNA sequence (pCMV6- hPKR) was performed and the cells were then treated with 0.7 mM palmitate for 24 hours (D). The vehicle for palmitate, 0.7 mM BSA, was used as the control (i.e., regular media with BSA) (D). After treatments, cells were then harvested and western blot analysis was performed to detect the phosphorylation and protein level of JNK1/2 After treatment (B, C, D). 90%-confluent HepG2 cells were exposed to the pharmaceutical inhibitor of JNK, SP600125 (25 μM) (E, F), or its analogue (25 μM) as a negative control of SP600125 (E) in regular media for 24 hours. The control of figure F is the vehicle of palmitate, BSA. After treatment, the cells were harvested, and western blot analysis was performed to detect the protein level of Bcl-2 and the phosphorylation of Bcl-2 at Ser70 (E), or the cell lysate was immunoprecipitated with anti-Bcl-2 and western blot analysis was performed to detect the phosphorylation level of Bcl-2 at Ser87 (F).](nihms72869f9){#F9}

![Effect of inhibiting JNK activity on cytotoxicity and apoptosis of HepG2 cells\
90%-confluent HepG2 cells were exposed to the pharmaceutical inhibitor of JNK, SP600125 (25 μM), or its analogue (25μM) as a negative control of SP600125 for 24 hours (A, B). LDH release (A) and caspase-3 activity (B) were measured after treatment with the JNK inhibitor. Data expressed as average of nine samples ± SD from three independent experiments. One-way ANOVA with Tukey's post hoc method was used for analyzing the differences between treatment groups. ★, significantly higher than control, p\<0.01.](nihms72869f10){#F10}

![Proposed signaling pathways from PKR to Bcl-2 induced by palmitate\
**A.** Reverse transfection of suspended HepG2 cells were performed with scrambled siRNA (Control) or siRNA of PKR for 24 hours and the transfected cells were cultured in regular media for another 24 hours. Cells were harvested, and western blot analysis was performed to detect the protein level of Bim. **B.** Summary of the signaling pathways identified in this study. First, PKR up-regulates the transcription of Bcl-2 gene through the transcription factor, likely NF-κB. Second, PKR up-regulates the phosphorylation of Bcl-2 at the anti-apoptotic residue, Ser70, mediated by JNK. By suppressing PKR and in turn these two downstream pathways, palmitate regulates the protein level and phosphorylation of Bcl-2 at Ser70 and therefore induces apoptosis in HepG2 cells. Another Bcl-2 family protein, Bim, which also mediates palmitate-induced apoptosis ([@R31], [@R32]) (dash lines) and the potential effect of PKR on Bim (line with the question mark) are also included.](nihms72869f11){#F11}
